TiC/Ti and TiC/Ti-15Mo cermets were fabricated for the bearings of joint prostheses and were then evaluated in terms of their mechanical properties, such as density, hardness, bending strength and fracture toughness, as well as biocompatibility. The cermets were fabricated by spark plasma sintering. When the volume fraction of the metal phase was increased, the fracture toughness and the bending strength of the TiC/Ti and TiC/Ti-15Mo increased. The TiC/Ti and the TiC/Ti-15Mo cermets show high biocompatibility and corrosion resistance. These results indicate that TiC/Ti-15Mo cermets are suitable for use in the bearings of joint prostheses.
Introduction
Artificial joints were first clinically used as joint components by Wiles 1) in 1938 and were then developed and improved with respect to design, materials and fixation by Charnley 2) and McKee and Farrar.
3) At present, the major component is Co-28Cr-6Mo (the femoral head component) and ultra-high molecular weight polyethylene (UHMWPE) (the acetabular component). However, degradation is induced in metal components by the corrosion of joint materials. Since UHMWPE has low wear resistance compared to the femoral head component, wear particles of UHMWPE cause bone resorption or loosening. To solve this problem, ceramics, which have good chemical stability, wear resistance and biocompatibility, are increasingly being adopted as biomaterials. However, due to their brittle nature, they are easily fractured by impact force. [4] [5] [6] The authors have reported on the development of 3 mol% Y 2 O 3 -doped partially stabilized zirconia (PSZ)/AISI 316L composites, which have good wear resistance and high toughness, for the bearings of joint prostheses. 7) However, the bi-axial bending strengths of the composites were lower than that of monolithic PSZ, since the interface between PSZ and AISI 316L was weaker than that between PSZ grains. Furthermore, elution of metal ions from the AISI 316L phase was confirmed. These results suggest that titanium would be suitable for the metal phase of the ceramics/metal composite (cermet), since Ti and Ti alloy have high corrosion resistance, biocompatibility and bonding strength to ceramics. [8] [9] [10] [11] [12] [13] [14] [15] However, oxides and nitride ceramics were not suitable for the ceramics/Ti cermet, since the presence of oxygen and nitrogen risks bringing about oxygen and nitrogen embrittlement at the sintering temperature. For these reasons, TiC was used as the ceramic phase of the cermet, since TiC does not cause embrittlement in Ti, and possess good wear resistance, corrosion resistance, biocompatibility and bond strength to Ti. [15] [16] [17] [18] The aim of the present study was to develop titaniumbased cermets, with high toughness, bending strength, hardness, corrosion resistance and biocompatibility, for the bearings of joint prostheses.
Materials and Methods

Fabrication
The cermets were fabricated by spark plasma sintering (SPS-515S, Sumitomo Coal Mining Co., Ltd., Japan). TiC powder (Kojundo Chemical Lab Co., Ltd., Japan) with an average grain size of 5 mm was used as the starting material for the ceramics phase. Ti and T-15Mo were selected for the metal phases of the cermets. Generally, cermet composed of more ductile metal was tougher. -Ti is more ductile and stronger than -Ti. 19) Ti-15Mo (-Ti) was a simple composition (binary alloy) designed for use as a biomaterial (ASTM F2066). Ti and Mo powder (Kojundo Chemical Lab Co., Ltd., Japan) with an average grain size of 10 and 0.7 mm, respectively, were used for the metal phase. TiC, Ti and Mo powders (total 20 g) were mixed with the stearic acid (0.2 g) using a polyacetal media pod (inside size 60 Â 70) and PSZ balls (10 Â 100) in 30 mL n-hexane for 12 h. The slurry was dried at 60 C in air. The sintering conditions are shown in Fig. 1 . Sintering was performed under the following temperature conditions, using a uniaxial graphite die pressed at 35 MPa in a vacuum (< 20 Pa). The sintering temperature of TiC/Ti and TiC/Ti15Mo was 1400 C. The sintered disc compacts were ground with a #220 diamond grind wheel, #600, #1000 and #2000 emery paper, and finally polished with 3 mm diamond particles.
Characterization
The crystalline phases of the cermets on the polished surfaces of the compacts were determined by X-ray diffraction (XRD) analysis (MXP21TA, MAC Science Co., Ltd., Japan) with CuK radiation.
The density and porosity of the sintered compacts were * Graduate Student, Chiba University determined using Archimedes' method 20) in a distilled water medium [eqs. (1)- (3)].
where is the density of the fabricated specimen, W 1 the mass of the specimen in air, W 2 the mass of the specimen in water, W the density of the H 2 O medium, R the relative density and T the theoretical density. The theoretical density was calculated according to the law of mixture [eq. (3)], where, is density and V the volume fraction; the subscripts M and C denote the metal and ceramic, respectively.
Mechanical properties tests
The mechanical properties of the cermets were estimated by hardness, fracture toughness and fracture strength. The Vickers hardness 21) was calculated using eq. (4) at a load of 490 N and a loading duration of 15 s.
The fracture toughness was estimated by means of the indentation fracture (IF) method. Equation (5) 
In eqs. (4), (5) and (6), P is indentation load (N), a the half length of the Vickers impression (mm), Hv the Vickers hardness (GPa), c the half length of the crack (mm), E the Young's modulus (GPa) and K IC the fracture toughness (MPaÁm 1=2 ). The fracture strength was examined using a bi-axial bending test 24) at room temperature, as shown in Fig. 2 (AG-G, Shimadzu Corporation, Japan). The cross head speed was 0.5 mm/min. The bi-axial bending strength was calculated using eqs. (7)- (9) .
where is Poisson's ratio
The subscript numbers 1 and 2 denote the disc specimen and loading ball, respectively. P is the load to failure, R the loading ball radius (R ¼ 4:725 mm), t the specimen thickness (t ¼ 4 mm), r the setting diameter of 3 support balls (r ¼ 7:5 mm), b the specimen radius (b ¼ 10 mm) and the bi-axial bending strength. The Weibull distribution was used to calculate the fracture probability as an applied stress 25, 26) [eqs. (10)- (11)].
where F is median rank, the bi-axial bending strength, the scale parameter (63.2% failure probability), m the shape parameter, i the failure order number and n the total sample number.
Biocompatibility tests
The biocompatibility of the specimen was evaluated by the cytotoxicity of its extracts. 27) A transformed mouse fibroblast cell line (L929, Riken Cell Bank) was used for the evaluation. Culture medium comprising 1 liter of Eagle's MEM with kanamycin, without phenol red (Nissui Pharmaceutical Co., Ltd., Japan) supplemented with 100 mL fetal bovine serum (FBS), 0.3 g L-glutamine and 20 mL sodium hydrogen carbonate 10% solution, was used in this study. The extractive medium was the culture medium without FBS and L-glutamine.
The experimental protocols are described in Fig. 3 . The extracted specimens, measuring 20 Â 4 mm, were immersed in 5 mL of the extractive medium. The extractive medium was then incubated for a week at 37 C in a 5% CO 2 atmosphere with 100% humidity. 1 mL of the culture medium in which cells were suspended (4 Â 10 3 cells/mL) was inoculated on a cultivation dish (24-well flat-bottom with lid, Falcon, USA) and the cells were incubated for a day, after which the suspended cells had adhered to the bottom of the dish. The cells were rinsed with phosphate-buffered saline without magnesium and calcium (PBS(À)). 0.9 mL of the extracted medium and 0.1 mL of FBS containing L-glutamine were added to the cells and the dishes incubated for 6 days. The cells were then rinsed with PBS(À) twice, and then 0.5 mL of 4 mmol/mL Calcein-AM (Dojindo Laboratories, Japan) in PBS(À) was added to the cells. The result was incubated for 45 min. The Calcein-AM was then removed and 0.5 mL of PBS(À) was added. Calcein-AM is hydrolyzed to calcein when the calcein-AM is taken into living cells. 28) The living cells can be counted by analyzing the fluorescence intensity of the calcein. The fluorescence intensity was analyzed using the Fluoroskan Ascent FL (Thermo Electron Corporation, USA) at an excitation wavelength of 485 nm and an emission wavelength 538 nm. The relative growth rate was defined by eq. (12) .
where G R is the relative growth rate (%), I the fluorescence intensity of the group to which the extracted medium had been added, I C the fluorescence intensity of the group to which the culture medium had been added, I 0 the fluorescence intensity of the group to which the calcein-AM had not been added.
Results and Discussion
Characterization
The XRD patterns of the sintered TiC/Ti are shown in Fig. 4 . The TiC-40 mass%Ti (TiC-40Ti) and the TiC-45Ti were composed of monolithic TiC [Figs. 4(A) and (B) ]. The TiC-50Ti, the TiC-60Ti and the TiC-70Ti were composed of TiC and -Ti [Figs. 4(C) , (D) and (E)]. It was found that titanium dissolved in the TiC up to 45 mass% in the sintered TiC/Ti. This result corresponds with the Ti-C phase diagram. 29) Density and relative density as a function of the metal fraction of the TiC/Ti are listed in Table 1 . The experimental data for TiC-45Ti (4:58 Â 10 3 kg/m 3 ) was used as the theoretical density of TiC since the TiC-45Ti was monolithic TiC [Fig. 4(I) ] and the density of TiC-45Ti corresponded to that of Ti 0:67 C 0:33 .
30) The metal volume fraction of TiC/Ti cermets was calculated using eqs. (13)- (14) .
(i) Extraction Disc specimen Extractive medium
The extractive medium was incubated for a week at 37 °C in a 5% CO 2 incubator L929 cells were suspended in the culture medium
The culture medium was removed, and the cells were rinsed with PBS (-).
One day
The extracted medium FBS and L-glutamine
Six days
The extracted medium was removed, and cells were rinsed with PBS (-) twice.
Calcein-AM was added to the cells and incubated for 45 min. The Calcein-AM was then removed and PBS(-) was added, and the relative growth rate was analyzed.
(ii) Cytotoxicity test where W STi is the Ti mass fraction of the sintered cermet, W Ti the Ti powder mass fraction and W TiC the TiC powder mass fraction. The metal volume fraction was calculated from the law of mixture [eq. (14) ], where V is the volume fraction of the sintered specimen, W the mass fraction and the density; the subscripts M and C respectively mean the sintered metal and ceramic phase. In the case of TiC/Ti, W STi ¼ W M . The density of Ti and TiC were 4:51 Â 10 3 kg/ m 3 and 4:58 Â 10 3 kg/m 3 , respectively. The theoretical density of TiC/Ti was calculated from the calculated metal volume fraction. The TiC/Ti cermets were dense specimens, since the relative densities of TiC/Ti were approximately 100%.
In the TiC/Ti-15Mo case, the weight ratios of TiC, Ti and Mo powder were calculated using eqs. (13)- (14), W M ¼ 
(A) TiC-40Ti,(B) TiC-45Ti, (C) TiC-50Ti, (D) TiC-60Ti, (E) TiC-70Ti
; TiC, ; α -Ti Table 2 ). The XRD patterns of the sintered TiC/Ti-15Mo cermets are shown in Fig. 5 . When the amount of Ti was smaller than the solid solubility limit of TiC (TiC-45Ti), the sintered TiC-25 mass%Ti-5 mass%Mo (Ti content was less than solid solubility limit) was composed of TiC and Mo [ Fig. 5(E) ]. Thus, the authors considered that Ti dissolved preferentially in TiC, compared with the formation of -(Ti,Mo) solid solution, and Mo was hardly soluble in TiC in the SPS condition. Accordingly, each TiC/ Ti-15Mo cermet consisted of TiC and -Ti, with no trace of -Ti or Mo phase [ Fig. 5(A)-(D) ] Precipitation of the brittle !-Ti from -Ti [31] [32] [33] was not confirmed. Density and relative density as a function of the metal fraction of the TiC/Ti-15Mo are listed in Table 2 . Metal volume fraction and theoretical density of TiC/Ti-15Mo were calculated as well as TiC/Ti. The TiC/Ti-15Mo cermets were also dense specimens, since the relative densities of TiC/Ti-15Mo were approximately 100%.
Optical micrographs of TiC/28 vol%Ti and TiC/28 vol%-Ti-15Mo surface are shown in Fig. 6 . The lighter phase corresponds to metal and the darker phase is TiC. As can be observed, the microstructure of TiC/28 vol%Ti-15Mo is finer than TiC/28 vol%Ti. The authors discuss the sintering behavior of TiC/Ti and TiC/Ti-15Mo as illustrated in Figs. 7 and 8. In the TiC/Ti case (Fig. 7) , densification of TiC and Ti powders proceeds at the early stage of sintering temperature [ Fig. 7(b) ]. And then titanium reacted with carbon contained in TiC to form non-stoichiometric TiC. 29) In the phase diagram of Ti-C binary system, TiC exists in the carbon composition from 33 to 48.5 mol% at 1400 C. Therefore, volume of TiC was increased then TiC grains became large after the reaction [Figs. 7(c)(d) ]. In the TiC/ Ti-15Mo case (Fig. 8) , densification of TiC, Ti and Mo powders proceeds [ Fig. 8(b) ] and the grain growth of TiC phase occur [ Fig. 8(c) ] as is the case with TiC/Ti. The Mo 
Mechanical properties
Fracture toughness and Vickers hardness are shown in Fig. 9 . The fracture toughness of the TiC/Ti increased from 2.8 to 7.5 MPaÁm 1=2 when the Ti content was increased from 0 to 46 vol%. The fracture toughness of the TiC/Ti-15Mo increased from 2.8 to 16.6 MPaÁm 1=2 when the Ti-15Mo content was increased from 0 to 46 vol%. The fracture toughness of TiC/Ti-15Mo was therefore more than double compared to that of TiC/Ti. The Vickers hardness of the TiC/Ti decreased from 20.0 to 7.7 GPa. Vickers hardness of the TiC/Ti-15Mo decreased from 20.0 to 6.5 GPa. TiC/Ti was thus a little harder than TiC/Ti-15Mo. Figure 10 shows optical micrographs of a crack initiated as a result of a Vickers indentation. The crack propagated through the TiC phase and, on intercepting the metal phase. As can be observed, the crack in TiC/Ti propagates straight through TiC and Ti phases [ Fig. 10(a) ]. However, the crack in TiC/Ti-15Mo propagates the ceramic-metal interface [ Fig. 10(b) ]. Therefore, TiC/Ti-15Mo may be toughened because of the crack deflection in zigzag manner.
The shape parameter m and the scale parameter of the cermets are listed in Table 3 and the Weibull distribution is shown in Fig. 11 . The bi-axial bending strength of the TiC/ ; Reaction between Titanium and Carbon, ; Reaction between Titanium and Molybdenum Ti increased from 323 to 820 MPa when the volume fraction of the metal phase was increased from 0 to 46 vol%. The biaxial bending strength of the TiC/Ti-15Mo increased from 323 to 1412 MPa when the volume fraction of the metal phase was increased from 0 to 46 vol%. The reliability of these cermets other than TiC/28 vol%Ti was high, because the shape parameter (m) was high (m > 10). The bi-axial bending strength of TiC/46 vol%Ti-15Mo was the highest ( ¼ 1412 MPa) in the fabricated specimens. As for bi-axial bending strength, Ti-15Mo was more effective than Ti as the metal phase, because stress concentration is more intense in the coarser grains in the cermet. The authors have reported on the mechanical properties of PSZ/AISI 316L composites. 7) The fracture toughness and the bi-axial bending strength of TiC/Ti were weaker than those of PSZ/AISI 316L (PSZ;
¼ Generally, TiC has high wear resistance, however, Ti alloy has low wear resistance caused by severe adhesive wear. The authors expect that the metal-rich cermet had low wear resistance because the adhesion of the metal area enlarged during use. The authors therefore concluded that the cermets with the best balance of bi-axial bending strength, fracture toughness and Vickers hardness are TiC/18 vol%Ti-15Mo and TiC/28 vol%Ti-15Mo.
Biocompatibility
The biocompatibilities of the cermets are shown in Fig. 12 . TiC, TiC/Ti and TiC/Ti-15Mo had good biocompatibility, because the relative growth rate of each material was approximately 100%. The present biocompatibility test was based on the cytotoxicity of its extracts, that is the cytotoxicity of metal ions released from the specimen. The released metal ions in the extracted media were analyzed using an ICP emission spectrometer (SPS7700, Seiko Instruments Inc., Japan). No Ti or Mo ions were detected in any of the extracted media, since the levels of these ions were below the detection limit (0.1 mg/mL). Because of TiC, Ti and Ti15Mo have high corrosion resistance. As a result, the L929 fibroblasts were not damaged.
Conclusion
In this report, titanium cermets were fabricated by spark plasma sintering and evaluated for fracture toughness, bending strength and biocompatibility.
The experimental results can be summarized as follows. (1) In the sintered TiC-Ti, titanium dissolved in the TiC up to 45 mass%. (2) TiC/Ti-15Mo was tougher than TiC/Ti and PSZ/AISI 316L. (3) TiC/Ti-15Mo was stronger than TiC/Ti and PSZ/AISI 316L. (4) TiC/Ti and the TiC/Ti-15Mo have high biocompatibility and corrosion resistance. These results indicate that the TiC/18 vol%Ti-15Mo or TiC/28 vol%Ti-15Mo cermets show a good balance of toughness, bending strength, hardness and biocompatibility, making them suitable for use in the bearings of joint prostheses.
